Coupled thermo-mechanical simulations were carried out to quantify permeability changes in representative coal measure strata surrounding an underground coal gasification (UCG) reactor. Comparing temperature-dependent and -independent rock properties applied in our simulations, notable differences in rock failure behavior, but only insignificant differences in spatial permeability development are observed. Hence, temperature-dependent parameters are required for simulations of the close reactor vicinity, while far-field models can be sufficiently determined by temperature-independent parameters. Considering our findings in the large-scale assessment of potential environmental impacts of UCG, representative coupled simulations based on complex thermo-hydro-mechanical and regional-scale models become computationally feasible.
Introduction

Underground Coal Gasification (UCG)
UCG can increase world-wide coal reserves by utilization of coal deposits not mineable by conventional methods and has a long history [1] . The process of underground coal gasification is based on in situ, sub-stoichiometric coal combustion for production of a high-calorific synthesis gas, which can be applied for electricity generation or as chemical feedstock [2] [3] [4] [5] [6] [7] . Fig. 1 presents a schematic view of the in-situ coal gasification principle using the Controlled Retraction and Injection Point (CRIP) configuration [8] . However, UCG can induce environmental impacts such as ground subsidence and groundwater pollution [6, [9] [10] [11] [12] . Changes in the hydraulic conductivity of the hanging wall may generate potential pathways for UCG contaminant migration [13] [14] [15] [16] . These changes are associated with mechanical stress changes resulting from the UCG reactor growth as well as thermal stresses [17] . Permeability controls fluid in-and outflow into and out of the reactor, respectively, considering the pressure gradient between the hydrostatic fluid and UCG reactor operating pressure [18] [19] [20] . Mitigation of potential environmental UCG impacts can be achieved by improving the understanding of coupled thermo-hydro-mechanical processes in the rocks surrounding the UCG reactor at different scales. Thereby, near-field models considering the close UCG reactor vicinity can be employed to represent temperature-dependent processes, while far-field models are required to assess environmental impacts at regional scale. However, far-field models become computationally expensive, if processes taking place in the close reactor vicinity are involved, especially in the assessment commercial-scale multi-channel UCG operations.
Hence, a coupled thermo-mechanical model has been developed in the scope of the present study to assess near-field temperature-dependent and -independent rock behavior and permeability changes in mudrocks as previously carried out for a sandstone based coal measure strata [21] . 
Methodology
Numerical model geometry and boundary conditions
The model used in the present study has been introduced by Otto and Kempka [21] for simulation of UCG processes considering, thermo-mechanical coal and sandstone properties. To assess these simulation results in view of a different host rock type, thermo-mechanical material properties of claystone and mudstone, hereafter called mudrock, were implemented into the given numerical model.
The size and grid discretization of the numerical model were adapted to calculation time and the impact of the chosen boundary conditions on the simulation results. The implemented numerical model uses the UCG reactor symmetry present along its vertical axis, assuming that a half-radial symmetric reactor develops along the UCG panel (Fig. 2) . The two-dimensional geometry of a coal seam of 4 m thickness was uniformly expanded towards the model boundaries, with the reactor bottom located at a depth of 250 m below the ground surface. The model size was set to 40 m × 110 m and discretized by about 3,000 elements, with sizes of 0.16 m to 5 m in all directions.
The finite-difference thermo-hydro-mechanical simulator FLAC3D [22] was employed to analyze thermos-mechanical stress changes, displacements and volumetric strain increments in the UCG reactor vicinity, using the unstructured grid presented in Fig. 2 . 
Model parameterization and material properties
Thermo-mechanical data on claystone and mudstone specimens exposed to high temperatures were derived from literature [23] [24] [25] [26] . We incorporated both rock-type properties in one rock layer (mudrock), since the available data on thermo-mechanical properties of pure claystone and mudstone is limited. Temperature dependent thermomechanical properties of mudrock assigned to the present model include the elastic modulus (E), cohesion (c), friction angle (φ), linear thermal expansion coefficient (α), specific heat capacity (C P ) and thermal conductivity (λ) (Fig. 3) .
In contrast to sandstone, whose elastic modulus generally decreases with increasing temperature [27] , Tian et al. [23] found that the trend is slightly increasing for claystone (at 5 MPa confining pressure), what is in good agreement with the experimental results presented by Wolf et al. [28] . The normalized trends of friction angles and cohesion of the claystone specimens after high temperature treatment are always higher than those at room temperature, but also strongly alternating with increasing temperature [24] .
Temperature-dependent thermal properties for the linear thermal expansion coefficient, specific heat capacity and thermal conductivity are not yet experimentally determined for claystone [23] . In this study, the normalized trends of mudstone properties are used in the model instead. Tan et al. [26] reported that the linear thermal expansion coefficient of mudstone increases in a continuous linear manner, until a temperature of 575 °C is reached. This is due to the α-β quartz phase inversion as reported also for other sedimentary rocks [29] . Thereafter, the linear thermal expansion coefficient is slightly decreasing up to temperatures of 1,000 °C. In accordance with other studies on sedimentary rocks [30] , Tang et al. [25] reported a generally decreasing trend in thermal conductivity with increasing temperature for mudstone. Furthermore, the test results of Tang et al. [25] show that both, the specific heat capacity and the thermal conductivity, decrease with the increase in temperature when the testing temperature is below 400 °C. The specific heat capacity is almost constant and the thermal conductivity still continues to decrease for testing temperatures above 400 °C [25] .
The claystone density (ρ) [28] and the Poisson's ratio (ν) for mudstone [26] was maintained constant for both geological units (coal and mudrock). The tensile strength of claystone (0.19 MPa) was also taken from Wolf et al. [28] and maintained constant with increasing temperature for the mudrock. Min [31] reported a generally decreasing trend of the tensile strength of rock (oil shale and igneous rocks) with increasing temperature; however, no data for claystone or mudstone are yet available. Table 1 .
The normalized trends of thermo-mechanical coal properties after high temperature treatment are derived from literature [31] [32] [33] [34] and discussed in Otto and Kempka [21] . Changes in thermo-mechanical material properties affecting the coal behavior are mainly related to the various reactions in the different temperature zones [10] : the drying zone (up to 200 °C), the drying and pyrolysis zone (200-900 °C), the reducing zone (550-900 °C) and oxidation zone (above 900 °C).
Temperatures above 1,500 °C can be achieved in the UCG reactor and its close vicinity. However, the maximum testing temperature of the properties used in the present study is limited to 800 °C for the mechanical and 1,000 °C for the thermal material properties. Hence, an overall temperature limit of 1,000 °C is applied in the present simulations. The initial model parameters are presented in Table 1 . 
Deriving permeability changes from volumetric strains
In the present study, the approach discussed and introduced by Otto and Kempka [21] is applied, where deformation is associated with volume changes affecting the host rock and coal permeability. The rock compaction behavior in the UCG reactor vicinity was simulated using an isotropic elastoplastic constitutive law with the material properties shown in Table 1 . For modeling thermal and mechanical stress-induced permeability changes, permeability is related to volumetric strain increments [35] :
where ϕ is the porosity at a given volumetric strain ε ν , ϕ i the initial porosity, k the permeability at a given ε ν , k i the initial permeability, and n a power-law exponent (porosity sensitivity exponent) with a value range of 2 to 25 depending on stress and lithology [36] .
Scenario analysis
Simulations of coupled thermo-mechanical processes for a UCG process duration of 50 days were carried out in two steps. First, the initial model is run to achieve a mechanical equilibrium and then applied as starting model for all further simulations. The UCG reactor is excavated stepwise, depending on the pre-defined coal consumption rate (0.654 t/day/m). A constant temperature of 1,000 °C is applied at the reactor boundary, while the model is calculated to mechanical equilibrium after each reactor slice excavation. The temperature-dependent rock and coal properties are updated for each element during the entire simulation.
Simulation results
Principal stress distribution
During the UCG process, the experienced high temperatures generate a high thermal gradient of limited spatial extent for temperature-dependent as well as -independent material properties, and thus induce thermal stresses in the surrounding rock mass. Rock strength and behavior under high temperatures differ from those at initial conditions (Fig. 3) . In both simulations, the maximum distance of the 200 °C isotherm to the reactor boundary is almost identical (Fig. 4) . However, the temperature-dependent simulation results exhibit a significantly larger spatial distribution of tensile stresses in the reactor vicinity. 
Elastoplastic rock behavior
Shear and tensile failure determined by the Mohr-Coulomb failure criterion occur at multiple locations in the reactor vicinity considering temperature-dependent and -independent properties due to excavation effects and thermally-induced stresses (Fig. 5 ). Shear and tensile failure (green) dominate at the reactor wall, followed by a region of pure tensile failure (blue) above and below the reactor. The radius of tensile failure in the over-and underburden around the reactor is notably larger (up to 6 m) in the simulation using temperature-dependent parameters. The coal seam mainly experiences shear failure (red) in both models. The region of shear failure is determined by stress changes induced by excavation effects. 
Permeability changes
Equation 2 is applied for calculating permeability changes in the present models. For that purpose, normalized permeabilities with an initially uniform distribution and rock-specific porosity values derived from literature were applied (Table 2) . Simulation results indicate that the maximum permeability increase by more than one magnitude (red elements) is located around the UCG reactor at a distance of up to 2 m for the temperature-dependent and up to 0.8 m for the temperature-independent simulations (Fig. 6) . The area affected by increased permeability above the UCG reactor is notably larger for the temperature-dependent simulation; however, normalized permeability changes in that area in comparison between both simulation cases do not exceed a factor of three. Permeability increases in the temperature-dependent simulation are mainly mechanically induced and in good agreement with the larger region of tensile failure plotted in Fig. 5 . 
Discussion and Conclusion
To investigate the impact of temperature-dependent parameters on rock behavior and permeability changes around a hypothetical UCG reactor, we compared coupled thermo-mechanical simulation results with temperature-dependent and -independent claystone and mudstone parameters. For the thermo-mechanical numerical model, published data from high-temperature experimental results was implemented, comprising three geological units as discussed in Otto and Kempka [21] . The UCG reactor excavation was carried out stepwise, whereby a constant temperature of 1,000 °C was permanently applied at the reactor wall to represent the heat flux generated by in situ coal combustion.
Tensile and shear failure in the rocks surrounding the UCG reactor occur in a radius of up to 6 m in the temperature-dependent and -independent simulations. The associated volumetric strains result in significant permeability changes in the close reactor vicinity. For determination of permeability changes, we applied proven relationships between volumetric strain increments, porosity and permeability. Even though the formation of fractures is not considered in our simulations, the calculated volumetric strain increments achieve maximum values of up to 36 %, resulting in a permeability increase by more than three magnitudes in the high-temperature regions close to the UCG reactor (>200 °C).
Tensile failure dominates in the rocks close to the reactor in the temperature-dependent simulation. Compared to the simulations results using sandstone properties [21] , the radial extent of tensile failure is notably higher (up to about 6 m in the present study compared with about 2 m). The main reason for these deviations is the lower value of tensile strength of claystone (0.19 MPa) compared with sandstone (5 MPa) [21] . Further, we expect the high alternations in the integrated temperature-dependent friction and cohesion data to contribute to this behavior.
A model verification against laboratory or field data on measured porosity and permeability changes is not yet feasible due to limited data availability. David et al. [36] and Chin et al. [35] developed the formulations applied here for the calculation of porosity and permeability changes for different porous and metamorphic rocks using laboratory experiments. However, we expect that the conceptual approach is applicable to the mudrock used in the present study, since a general increase in permeability due to baking, shrinking and fracturing effects is documented for rocks affected by high temperatures as experienced during in situ coal combustion [17] . In general, any porosity and permeability relationship determined at laboratory or field scale can be easily implemented in the presented models.
Our simulation results demonstrate that the temperature-dependent thermo-mechanical properties have a notable influence on stress changes and deformation around the UCG reactor. In the close reactor vicinity, the deformations induce positive volumetric strains and zones of high permeability (up to three magnitudes increase). However, permeability changes calculated based on volumetric strain increments show only small differences between simulations using temperature-dependent and -independent parameters for the representative coal measure strata investigated here. Hence, our results support our previous findings [21] , emphasizing that near-field thermos-mechanical UCG simulation models require temperature-dependent parameters, while far-field 3D models can benefit from neglecting temperature-dependency to increase computational efficiency.
